Intervening sequences (IVSs) occur sporadically in several bacterial genera in the genes for 23S rRNA at relatively conserved locations. They are cleaved after transcription and lead to the presence of fragmented rRNA, which is incorporated into the ribosomes without religation but is nevertheless functional. The fragmentation of rRNA and the number of IVSs in all 72 strains of the Salmonella Reference Collection B set and 16 strains of the Salmonella Reference Collection C set, which have been established on the basis of multilocus enzyme electrophoresis (MLEE), were analyzed in the present study. Fragmentation of 23S rRNA was restricted to conserved cleavage sites located at bp 550 (helix 25) and bp 1170 (helix 45), locations where IVSs have been reported. Random cleavage at sites where IVSs could not be detected was not seen. Uncleaved IVSs were not detected in any case; thus, the IVSs invariably led to rRNA fragmentation, indicating a strong selection for maintenance of RNase III cleavage sites. The distribution of the number of IVSs carried by the different strains in the seven rrl genes is diverse, and the pattern of IVS possession could not be related to the MLEE pattern among the various Salmonella strains tested; this indicates that the IVSs are frequently exchanged between strains by lateral transfer. All eight subspecies of the genus Salmonella, including subspecies V represented by Salmonella bongori, have IVSs in both helix 25 and helix 45; this indicates that IVSs entered the genus after its divergence from Escherichia coli (more than 100 million years ago) but before separation of the genus Salmonella into many forms or that they were in the ancestor but have been lost from Escherichia.
The posttranscriptional excision by RNase III of transcribed sequences called intervening sequences (IVSs) at bp 550 and 1170 in the 23S rRNA genes of Salmonella species leads to fragmentation of 23S rRNA (8) . The two sites correspond to helix 25 and helix 45 in the proposed secondary structure for the Escherichia coli rrl (ribosomal RNA large) gene (25) . The tetra loops predicted at these positions in E. coli are replaced at the corresponding positions in Salmonella by an extended stem-loop structure of the IVS. The transcribed IVSs are cleaved by RNase III, an enzyme involved in the 23S rRNA maturation (8) . The function of IVSs is still unclear. An RNase III-deficient strain with the IVSs intact in the rRNA is viable, although it has a reduced growth rate, presumably because RNase III is also involved in other rRNA-processing reactions (22) . Transfer of a plasmid with an IVS-containing rrl gene from Salmonella into E. coli leads to the presence of fragmented 23S rRNA in E. coli, but the cell maintains a wild-type growth rate (10) .
IVSs have terminal inverted repeats flanking the central region, which is a characteristic of a mobile genetic element. Thus, IVSs resemble introns; however, unlike introns, after the removal of IVSs and the disruption of the continuity of the 23S rRNA gene, the fragments are not religated. In addition, most of the IVSs do not have known coding open reading frames or terminal sequences which facilitate the splicing reactions; although open reading frames coding for a putative protein of 121 to 133 amino acids are present in IVSs from Leptospira, the protein they encode has not been detected in the cell (32) . The ability of the fragmented rRNA to assemble into an active conformation, presumably by RNA-protein interactions, appears to obviate the need for exon ligation (4) .
IVSs have not been reported in E. coli strains, suggesting that IVSs entered the salmonellae after the divergence of Salmonella from Escherichia or, alternatively, that they have been lost from Escherichia. The presence of IVSs, without any proven function in stable rRNA genes, is surprising and may have implications regarding the evolution of rRNA transcription units. IVSs are distributed sporadically among the bacteria, having been identified in members of the Enterobacteriaceae (8, 23, 38) , Rhizobiaceae (37), Rickettsiaceae (1), and Leptospiraceae (31) families and in the genera Campylobacter (14, 19, 41) and Helicobacter (13, 18) . It has also been shown that the distribution of IVSs among the several copies of rRNA operons is heterogeneous. IVSs may be spread between different bacterial genera by lateral transfer from genetic exchange and between the different rRNA genes of a cell by recombinationmediated methods (19, 32, 38) .
The genus Salmonella, part of the large eubacterial family Enterobacteriaceae, was originally classified into many serotypes (each called species) by the use of somatic and flagellar antigens, but recently all strains of the genus Salmonella have been separated into two species, Salmonella enterica (for almost all strains) and Salmonella bongori (for subspecies V) (9, 16) . The rRNA fragmentation pattern (designated fragmented or nonfragmented) from 77 strains of Salmonella enterica serovar Paratyphi B was used, in combination with other tests, to separate these strains into three groups (3), but later studies showed that these characters vary among isolates of the same clone as defined by multilocus enzyme genotype and thus do not give a meaningful classification (35) . In this study, the Salmonella Reference Collection B (SARB) set of 72 strains representing 37 serovars of Salmonella subspecies I (6) and the Salmonella Reference Collection C (SARC) set of 16 strains representing seven subspecies of Salmonella, as well as S. bongori (subspecies V) (7), were analyzed. These sets of strains, established by multilocus enzyme electrophoresis (MLEE) in the laboratory of R. K. Selander, are available from the Salmonella Genetic Stock Centre (SGSC), University of Calgary, Calgary, Canada.
The objectives of the study were as follows: to determine if IVSs in Salmonella are invariably present at the previously reported helix 25 and helix 45 locations and if they are also present at other sites; to determine if fragmentation of rRNA can occur without the presence of IVSs; to determine if any IVSs are present but are not excised by RNase III; and to determine the diversity in distribution of IVSs within the genus Salmonella in order to see if IVSs have been distributed primarily by vertical transmission (clonal propagation) or by lateral (horizontal) transfer.
RESULTS
Diversity of distribution of IVSs in the SARB and SARC strains by PCR analysis. Using whole genomic DNA from the bacterial strains as the template, primers P1 and P2 were used for the amplification of the region of DNA including helix 25 of the rrl gene (amplicon A), and primers P3 and P4 were used for the helix 45 region (amplicon B) (Fig. 1A) . The PCR products were electrophoresed to determine the number of rrl genes with IVS insertions (Fig. 1B) . The PCR amplicon is smaller (faster running) and is expected to be 731 bp (helix 25) or 733 bp (helix 45) when there is no IVS present (based on E. coli rrl gene numbering) (25) ; when an IVS is present, the PCR product is larger (slower running). On the basis of the relative intensities of the slow-and fast-running bands, the number of rrl genes with IVSs out of the total seven rrl genes was determined; this is dependent on the assumption that amplification of all rrl genes is equivalent.
Both amplicons A and B in E. coli K-12 are fast running, showing that E. coli does not have IVSs. In S. enterica serovar Typhimurium LT2, the intensity of the slow-running band for amplicon A (helix 25) corresponds to five copies of rrl genes without IVSs and the intensity of the fast-running band corresponds to two copies of rrl genes with IVSs. Similarly, the result for amplicon B indicates one rrl gene without an IVS and six genes with helix 45 IVSs; these data are consistent with the earlier report (21) . This reveals the presence of two helix 25 and six helix 45 IVSs (see Fig. 3 ). Similar analysis leads to the conclusion that S. enterica serovar Paratyphi B electrophoretic type 1 (Pb1) has no insertions in helix 25 and seven insertions in helix 45. Strain Pb3 has one insertion in helix 25 and no insertions in helix 45. Strain Pb4 has two helix 25 and four helix 45 IVSs, while strains Pb5 and Pb7 have ratios of 0:1 and 2:4 helix 25 to helix 45 IVSs, respectively (see Fig. 3 ).
Diversity of distribution of IVSs in the SARB and SARC strains by RNA analysis. The extent of fragmentation of the 23S rRNA was examined in order to determine the site(s) of cleavage in the rRNA and the proportion of the rRNA molecules in which cleavage has occurred. Figure 2B shows the known sites of the IVSs previously determined in Salmonella rrl genes and the sizes of the rRNA fragments which would result if cleavage occurred at these sites. Figure 2A shows the rRNA fragmentation patterns for the same strains for which PCR data reveal the presence of IVSs in Fig. 1B .
The extent and pattern of fragmentation were studied by analyzing the different band sizes and intensities. The band intensities stoichiometrically add up to reflect the cleavage products resulting from seven copies of rrn operons after the removal of the IVSs. An intact 23S RNA fragment is 2.9 kb in length. 23S rRNA fragments of 2.4 and 0.5 kb indicate that one rrl gene carries an IVS in helix 25, fragments of 1.7 and 1.2 kb indicate an IVS in helix 45, and fragments of 1.7, 0.7, and 0.5 kb indicate IVSs in both helices.
E. coli K-12 gives an intact 2.9-kb band (23S rRNA) and an intact 1.5-kb band (16S rRNA), indicating no fragmentation; as expected, the genome of E. coli K-12 reveals an absence of IVSs in all seven rrl genes (5). In the case of strain Pb1 the 2.9-kb band is absent, and all rRNA is present as 1.7-and 1.2-kb bands; this indicates the excision of helix 45 IVSs from all seven rrl genes. Pb3 shows a 2.4-and a 0.5-kb band (barely visible in Fig. 2 ), indicating the excision of one helix 25 IVS, while the uncleaved 2.9-kb band and the absence of 1.7-, 1.2-, and 0.7-kb bands indicates no IVSs in helix 45. By similar analysis, it can be seen that Pb5 has no helix 25 IVSs and one helix 45 IVS; Pb3, Pb4, and other SARB and SARC strains were similarly analyzed. All conclusions are listed in Fig. 3 .
Analysis of IVSs in the 72 SARB set strains and 16 SARC set strains of Salmonella. The number of rrl genes containing IVSs in helix 25 and/or helix 45 regions were determined by PCR as described above (Fig. 1) for all 86 strains of the SARB and SARC sets, and the data are recorded in Fig. 3 and 4 . Similarly, the pattern of fragmentation of the rRNA was used to determine the number of rrl genes that produced rRNA that was cleaved; these data too are recorded in Fig. 3 and 4 . In some cases, the assignment of numbers of IVSs was immediately clear, but in others several independent PCR or rRNA runs were needed.
The number of IVSs (detected by PCR) corresponded to the number of IVSs calculated from the rRNA fragmentation (determined from Northern blot analyses of the rRNA) in all 72 strains of the SARB set and all 16 
DISCUSSION
The number of IVSs in the seven rrl genes (detected by PCR) and the number of cleavage sites in the rRNA (detected by the fragmentation pattern of the rRNA) from 72 Salmonella strains of the SARB set (representing subspecies I) and 16 strains of the SARC set (representing all eight subspecies of Salmonella) were determined; this led to three conclusions.
Firstly, PCR and RNA fragmentation data indicate that all IVSs in Salmonella occur in or close to helix 25 (bp 550) or helix 45 (bp 1170) regions of the 23S rRNA. IVSs in both helix 25 and helix 45 have been previously reported in Helicobacter (13), Haemophilus (39), Proteus, and Providencia (23) . IVSs around bp 1170 have been reported in Actinobacillus (11), Campylobacter (14) , Leptospira (31), Yersinia (38) , Rhodobacter (13), and Coxiella (1). IVSs have also been found at other locations, at bp 135 and 400 of the rrl gene in Rhizobiaceae (37) as well as in the 16S rRNA of Campylobacter helveticus (19) , Helicobacter canis (18, 33) , Clostridium spp. (30) , Rhizobium tropici (43) , and Caedibacter caryophila (40) . Thus, the positions where IVSs can occur are diverse but by no means random, and in Salmonella all the IVSs are at the two most common sites. Insertion of IVSs and excision from the transcripts are thus tolerated at these locations in the rRNA, suggesting that continuity of the rrl gene in these regions of the 23S rRNA is not required for ribosome function. These IVSs in Salmonella occur at positions homologous to those in which expansion elements occur in eukaryotes such as Drosophila (reviewed by Burgin et al. [8] ). These expansion elements are extremely variable in sequence and position (15) ; some, which have acquired functions and are removed during rRNA processing, are called transcribed spacers or fragmentation spacers (15) .
Secondly, fragmentation of the rRNA in Salmonella is always due to the presence of an IVS at the cleavage sites ( Fig.  1 to 4) . Fragmentation in other genera can result from other causes; in the central region of the 23S rRNA at sites where no IVSs were present, fragmentation was seen in Agrobacterium and Rhizobium strains (36) .
Thirdly, uncleaved IVSs were not detected in any of the strains tested, indicating that IVSs when present are always cleaved by RNase III. RNase III-deficient mutants of serovar Typhimurium, which retain IVSs in all their ribosomes, are known to be viable in culture (22) , yet uncleaved IVSs were not Sv2  61  4267  Stanleyville  Th1  62  1767  Thompson  Tp1  63  3333  Typhi  Tp2  64  3320  Typhi  Tm1  65  284  Typhimurium  Tm7  66  203  Typhimurium  Tm12  67  837  Typhimurium  Tm23  68  4535  Typhimurium  Ts1  69  3134  Typhisuis  Ts3  70  3133  Typhissuis  Wi1  71  4000  Wien  Wi2  72 3998 Wien a The SARB set of strains was obtained from R. K. Selander (6) and is circulated by the SGSC.
b The SARB number was assigned to each of the 72 strains of Salmonella representing subgenus I (6) .
c The RKS number was the number assigned by R. K. Selander to stock strains. (6) and 16 strains of the SARC set (7) of Salmonella were previously constructed, based on MLEE. We determined the number of IVSs in the seven rrl genes for each strain. The data show that very closely related strains often show identical or very similar patterns of distribution of IVSs (Fig. 3 and 4) ; for example, of eight strains with no IVSs, seven are members of three groups found at different locations on the SARB tree ( Fig. 3 ) (Pa1 and Se1; Pc1, Pc2, and Ts1; and Mo1 and Mo6). This indicates some degree of stability of IVSs, indicating vertical transmission. However, there is also much evidence for lateral transfer of IVSs. IVSs are often found in strains which are unrelated according to MLEE criteria; IVSs seem widely distributed through the various divisions of the SARB set and are usually present in each of the eight subspecies of the SARC set ( Fig. 3 and 4) . Thus, there is no strong overall pattern of possession of IVSs on the tree either in helix 25 or in helix 45. This indicates that the possession of IVSs is, to a large extent, a random phenomenon and that the process of acquisition through lateral transfer and spread among the seven rrl genes is continuous among the Salmonella spp. An apparent exception to this is subgenus V (S. bongori) which has no helix 45 IVSs in the two strains tested (Fig. 4) , suggesting the possibility that helix 45 entered after the divergence of S. enterica from S. bongori, but this apparent exception is not real, for IVSs were a The SARC sets of strains was obtained from R. K. Selander (7) and is circulated by the Salmonella Genetic Stock Center, University of Calgary.
b The SARC number is the number assigned to each of the 16 strains of Salmonella representing subgenus I.
c The RKS number is the number assigned by R. K. Selander to stock strains.
detected by PCR in helix 45 in 2 of 13 strains of S. bongori which were tested (data not shown). It was earlier reported that E. coli strains do not have IVSs (8) . We confirmed this; all 72 strains from the ECOR (E. coli Reference) set (26) were tested by PCR for the possession of IVSs at the helix 25 and helix 45 regions, and none were detected (data not shown). We propose that Salmonella acquired IVSs, presumably by a lateral transfer event from an external source, after the divergence of Salmonella from Escherichia, said to have occurred more than 100 million years ago (27) . The more or less random distribution of IVSs in the different bacterial genera, as shown by their presence in Salmonella and absence from Escherichia and by the random distribution of the number of IVSs in the seven rrl genes of the different Salmonella species, indicates that they are not essential for survival. Ribosomes with fragmented 23S rRNA are functional, but fragmentation of Salmonella rRNA is not necessary, since 8 of 72 Salmonella strains in the SARB set have no IVSs and no fragmentation yet are viable. It is hence not clear if the IVSs have been recently acquired in evolution or if they were present in the ancestors of Salmonella and Escherichia and were lost from some strains in the course of evolution.
Helix 25 IVSs from Providencia rettgeri show 76% nucleotide identity to helix 25 IVSs from the rrlH operon of serovar Typhimurium (21, 23) . Blocks of similar sequences are shared between the helix 45 IVSs from Proteus, Providencia (23), Salmonella (8) , and Yersinia (38) . Thus, some of the IVSs from these four genera of Enterobacteriaceae in which IVSs have been detected share sequence homology. Advanced BLAST searches with increased E values of the nonredundant nucleotide database at the National Centre for Biotechnology Information (2) do not reveal homology between the enterobacterial IVSs and IVSs from other genera of bacteria. This indicates lateral transfer of IVSs between the four different enterobacterial genera but no equivalent transfer between the enterobacteria and other bacteria. Yet even when there is no homology, IVSs in different bacterial genera occur at relatively conserved locations, usually in helix 25 and helix 45.
Lateral gene transfer has been seen in other regions of the rRNA. Sequences of the 16S to 23S spacer regions of rrnE from S. enterica subspecies indicate that subspecies I is closer to E. coli K-12 than to other Salmonella subspecies, suggesting lateral transfer events (28) . Similarly, lateral transfer is indicated by conserved sequence blocks in the 16S to 23S spacer region among unrelated isolates of Haemophilus parainfluenzae, Haemophilus influenzae, Haemophilus ducreyi, and Actinobacillus spp. (29) . The internal transcribed sequence 1 (ITS1) of Enterococcus faecium contained an additional 115-nucleotide stem-loop structure as compared to the ITS1s of other enterococci, and one of the three ITSs of Enterococcus hirae contained a similar 107-nucleotide stem-loop; these data suggest that insertion occurred by a lateral transfer event (24) . The driving force for heterogeneity in the hypervariable ␣ region of the rrs gene from Streptomyces is thought to be lateral transfer of conjugative plasmids that can mobilize the host chromosome at a high frequency (42) .   FIG. 3 . The presence of IVSs in 72 strains of Salmonella subgenus I of the SARB set (6) . The relationships of the 72 strains shown on the left as electrophoretic types were determined by MLEE. The Salmonella species and SARB numbers are listed in Table 1 . The total numbers of IVS insertions in H25 (helix 25) and H45 (helix 45) in the seven rrl genes for 23S rRNA were determined by PCR to detect IVSs and also by rRNA cleavage; the inferred number of IVSs, which was the same for both methods in all 72 strains, is shown.
These observations indicate that IVSs are transferred among the bacterial species by lateral transfer using phagemediated transduction, transformation, or conjugation. The spread between the different rrl genes of an individual cell could be a result of reciprocal recombination (RecA mediated) or by gene conversion (nonreciprocal) (20) . However, rather than a continuous process of IVS transfer between the species of Salmonella, an alternative hypothesis suggests that the progenitor Salmonella obtained an IVS (probably by lateral transfer) but that subsequent variation between different species was simply due to the loss of IVSs from some strains. In order to test these hypotheses, we are sequencing the DNA of representative IVSs.
IVSs thus seem to be mobile genetic elements distributed sporadically at relatively conserved locations in the rRNA genes among the different bacterial species. The number of IVSs present in a strain does not seem to be important; however, no strains were observed that had all 14 locations in helix 25 and helix 45 saturated with IVSs ( Fig. 3 and 4) . IVSs lead to the fragmentation of the rRNA without any apparent effect on the functioning of the ribosome. Speculated functions for the IVS include protection against bacteriocins (38) and adaptive changes in stationary-phase cultures (12) .
